cucurbits. We find that few field-collected A. vittatum individuals have detectable E.
Introduction 58
Herbivorous insects that consume leaf, floral, stem or root tissues are exposed to diverse 59 communities of microbes associated with plants and/or soil. Many microbes ingested by insects 60 likely pass transiently through the digestive tract and may not confer any impact on the host 61 insect (Oliver et al. 2008 , Hammer et al. 2017 , Hammer et al. 2019 ). However, some microbes 62 are able to colonize insects as hosts, and can have diverse and consequential -yet often cryptic -63 roles in mediating ecological interactions between plants, other insects and other microbes 64 (Shapiro et al. 2012 , Chung et al. 2013 , Shapiro et al. 2013 , Wang et al. 2016 , Mason et al. 65 2018 . For example, many pollinators likely transfer microbes between flowers during normal 66 foraging that may directly affect other visiting insects, or indirectly alter traits determining floral 67 attractiveness (Yang et al. , McArt et al. 2014 , Ravoet et al. 2014 , Vannette and Fukami 2016 , 68 Rering et al. 2018 , Figueroa et al. 2019 . Some insect pollinators and herbivores encounter plant 69 pathogens while feeding, and can then transmit these pathogens from infected to healthy plants 70 (Raguso and Roy 1998 , Alexandrova et al. 2002 , López-Villavicencio et al. 2007 C for 2 min. The PCR products were checked 186 via agarose gel electrophoresis for the correct size PCR product as a visual quality control. The 187 three triplicate PCR products per sample were then pooled, gel purified using a Gel Purification 188 Kit (Zymo Research, Tustin CA), and quantified using Qubit Broad Range kit (Thermofisher) . 189
Equal quantities of the pooled triplicates from each sample were then combined. This final pool 190 containing all libraries was prepared for Illumina MiSeq sequencing by diluting to 4 nM and then 191 denatured by mixing 1:1 with 0.2 N NaOH, for a final concentration of 2 nM of DNA and 0.1 N 192 evenness) of OTUs in beetles collected in the different geographic locations (Kruskal-Wallis χ 2 = 264 11.9, df = 6, P = 0.06), but there is no clear geographic factor underlying these differences 265 Acalymma vittatum were collected from cultivated Cucurbita plants in Cambridge, 274 Massachusetts (USA) soon after emerging from diapuase in the spring (June 7, 2016) , from the 275 second generation in the middle of the growing season (July 12, 2016) , and from the diapausing 276 generation towards the end of the growing season (August 14, 2016) . There is high variability in 277 α -diversity in individual A. vittatum collected throughout a single season, and no time point had 278 significantly higher or lower α -diversity than the others (Kruskal-Wallis χ 2 = 0.61, df = 2, P = 279 0.74) ( Figure 3 ). However, the composition of beetle bacterial communities does significantly 280 change over the course of the growing season (adonis PERMANOVA on unweighted UniFrac 281 distances of the 30 most abundant OTUs df = 2, P ≤ 0.01). Beetles collected soon after emerging 282 from underground winter diapause (June 7, 2016) have higher abundances of Actinomycetales 283
and Cytophagales -which are thought to predominantly be soil-dwelling species -than the other 284 two time points. Beetles collected in the middle of the season (July 12, 2016) , when many 285
Cucurbita cultivars are flowering (and beetles are likely consuming protein-rich pollen and sugar-rich nectar (Samuelson 1994 , Sasu et al. 2010a , Shapiro et al. 2012 ) have the highest 287 abundance of Lactobacillales. Bacterial communities of beetles collected on August 14 are 288 dominated by OTUs assigned to Enterobacteriales and Pseudomonadales, which are likely 289 derived from foliar tissue. 290 291 Prevalence of Erwinia tracheiphila in Acalymma vittatum and A. trivittatum beetles 292
Erwinia tracheiphila cannot be differentiated from closely related Erwinia and Pantoea strains 293 with certainty from the sequences of V3-V4 rRNA gene fragments. To be conservative about 294 estimating E. tracheiphila prevalence and abundance, all OTUs that were assigned to 295 Enterobacteriaceae, and their taxonomic assignments were manually curated. Eight OTUs had at 296 least a 98% sequence similarity to E. tracheiphila as the first or second BLASTN (Altschul et al. 297 1990) hit (using the NCBI rRNA reference database), and the prevalence and abundance of these 298
OTUs were combined and all considered as putative E. tracheiphila (Supplemental File 3). Even 299 using this permissive criteria that almost certainly over-estimates E. tracheiphila presence, only 300 33 out of the 59 Acalymma beetles harbor any of these putative E. tracheiphila OTUs (Table 2) . 301
When E. tracheiphila OTUs are detected in an individual beetle, they never sum to more than 302 1% of the total bacterial abundance within that insect (Table 2) . Surprisingly, E. tracheiphila 303
OTUs are detected not only in Acalymma beetles collected in temperate Easterns regions where 304 this pathogen causes annual epidemics, but was also detected in a number of beetles collected 305 from Tucson, AZ, USA and Querétero, MX -areas far from where E. tracheiphila is known to 306 occur. This suggests there may be Erwinia strains or species closely related to Erwinia 307 tracheiphila that may be common, non-pathogenic commensals of wild Cucurbita plants. 308 309 Eucera (P.) pruinosa microbiome composition 310
Overall, there is a total of 312 distinct de novo OTUs present in at least one of the 11 sequenced 311 Eucera (P.) pruinosa samples (Table 1, Supplemental Table 2 ). There is an average of 93 OTUs 312 in each individual bee collected in California, while there is an average of only 30 OTUs in each 313 bee collected in Pennsylvania. There are 14 OTUs that comprise at least 1% of the total bacterial 314 abundance, and these 14 OTUs collectively sum to 89.6% of the total bacterial abundance in the 315 Eucera bee samples. Of the 14 common OTUs, 6 are assigned to Lactobacillales (Bacilli), 5 are 316 assigned to Enterobacteriales and Pseudomonadales (Gammaproteobacteria), 1 is assigned to 317 Actinobacteria and 1 to Entoplasmatales (Mollicutes). The most abundant OTU in E. (P.) 318 pruinosa (de novo 415107) is assigned to Acinetobacter (Gammaproteobacteriaceae), a genus 319 with many species commonly associated with floral nectar (Álvarez-Pérez et al. 2013, 320 McFrederick and Rehan 2016). The Lactobacillales OTUs are likely involved in breakdown of 321 pollen, and/or fermentation of nectar carbohydrates (McFrederick et al. 2012 , McFrederick et al. 322 2018 , Vuong and McFrederick 2019 . Pollen is very high in fructose, and one of the 14 common 323
OTUs is assigned to Fructobacillus (de novo 382787), which may also function to breakdown 324 sugar in pollen and nectar (Endo and Salminen 2013 Figure 5 ) (Herrera et al. 2009 , Fridman et al. 2012 . As 342 expected, the taxonomic assignments of the OTUs found in E. pruinosa reflect microbes that are 343 likely well-adapted to aid in digestion of the floral food sources. Surprisingly, many of these 344 same common OTUs are found in Acalymma, suggesting that floral pollen and nectar may be an 345 unappreciated nutritional source for these beetles, which are generally thought of as leaf 346 herbivores due to the extensive foliar economic damage they inflict (Baker and Hurd Jr 1968 , 347 Samuelson 1994 , Shapiro et al. 2012 . A Klebsiella spp. OTU (de novo 423191) is the most 348 abundant overall in Acalymma beetles, and the second most abundant in bees. Two 349 Lactobacillales OTUs (de novo 432933 and de novo 222965), an Enterobacteriaeae (de novo 350 264045), an Acinetobacter (de novo 213309), and an Actinomycetales (de novo 211172) are also 351 among the most common OTUs in both bees and beetles (Supplemental Table 4 ). This suggests 352 these insects are exposed to these same OTUs through their shared floral food sources, and that 353 these common OTUs may perform similar digestive functions related to breakdown of sugars 354 (and perhaps proteins and fats) present in Cucurbita pollen and nectar. 355 Here, we find that field-collected Acalymma vittatum and trivittatum beetles, and to a lesser 371 extent Eucera (P.) pruinosa bees are exposed to diverse bacteria during normal foraging. Squash 372 bees and beetles have co-evolved to specialize on Cucurbita, and are both attracted over long 373 distances to the large, yellow, highly scented flowers that secrete substantial quantities of sugary 374 nectar, and produce large amounts of protein rich pollen (Metcalf and Lampman 1991 , Mena 375 Granero et al. 2005 , Shapiro et al. 2012 . Cucurbita flowers, when present, are a foraging site 376 that likely also serves as a shared source of microbial exposure for both Acalymma and Eucera 377 (Peponapis) (Baker and Hurd Jr 1968 , Samuelson 1994 , Salzman et al. 2018 . Consumption of 378 floral resources with the same nutrient and carbohydrate composition by both beetles and bees 379 also likely drives the need for microbial associates that have the same metabolic functions for 380 plant matter digestion. 381
The trend towards higher α -diversity in bees from California may be an artifact from the 382 low sample sizes of bees sequenced in this study. Alternatively, this trend may reflect that in 383 their native range, pollinators are exposed to a higher diversity of microbes while foraging on 384 multiple co-occuring species of Cucurbita, and on both wild and cultivated genotypes. 385
Populations of cultivated crops that are grown in homogeneous, human-managed landscapes 386 have reduced genetic diversity compared to populations of wild relatives, and may also host 387 microbial communities with lower diversity -measured as either 16S OTU richness, or total 388 physiological potential of the microbial community. The susceptibility of crop plants grown in 389 homogeneous, human managed agro-ecosystems to invasion by novel microbial pathogens is a 390 well-documented and continuing risk (McDonald and Stukenbrock 2016 , Shapiro et al. 2016 , 391 Shapiro et al. 2018b . How these homogeneous landscapes potentially also affect pollinator 392 health through alterations in microbial ecology, perhaps by creating landscapes with lower 393 microbial functional diversity, or increasing opportunities where wild and managed pollinators 394 can exchange pathogens, remains unknown (Colla et al. 2006 , Burke et al. 2011 , Fürst et al. 395 2014 , López-Uribe et al. 2016 , McDonald and Stukenbrock 2016 , Shapiro et al. 2016 , Pérez-396 Jaramillo et al. 2017 , Shapiro et al. 2018b , SA et al. 2019 , Yu et al. 2019 . 397
The high number of rare, low abundance OTUs in Acalymma herbivores is consistent with 398 accumulating evidence that the local environment -ie, the variable and diverse microbial 399 communities that colonize plants or the surrounding soil -are the most significant source of 400 microbial exposure for most non-social and non-sap feeding insects (Moran 2003 , Kwong and Moran 2016 , Hammer et al. 2017 , McFrederick et al. 2017 , Hammer et al. 2019 , Hannula et al. 402 2019 . The lower average number of OTUs per insect in bees compared to beetles may reflect 403 that bees exclusively feed on Cucurbita floral resources, while Acalymma beetles are often found 404 feeding on other introduced cucurbit crop plants (most notably muskmelon and cucumbers, both 405 Cucumis spp.), consume both foliage and floral structures, and can occasionally be found feeding 406 on pollen from distantly related plant species (Gould 1944) . Acalymma are highly mobile, and 407 move frequently between foliage and flowers of different host plants and the surrounding soil 408 during normal foraging, feeding and oviposition. The large geographic area from which beetles 409 were sampled may also contribute to the high number of rare OTUs. Overall, the composition 410 and diversity patterns reflect that Acalymma beetles are transiently exposed to diverse bacteria 411 that do not persistently colonize them as hosts (Hammer et al. 2017 , Hammer et al. 2019 Sasu et al. 2009 , 423 Sasu et al. 2010b ). Genotypes of Cucurbita that produce more flowers, and more volatiles per flower -and therefore attract more foraging beetle vectors -are also associated with a 425 significantly higher rate of E. tracheiphila infection in Cucurbita pepo (Sasu et al. 2009 , Shapiro 426 et al. 2012 . This suggests that individual vectors deposit few E. tracheiphila cells during each 427 feeding exposure, and that cumulative exposure to many infective vectors is more important than 428 exposure to a single vector (Yao 1996) . 429
The composition, function and variation of microbial communities that associate with 430 most wild, unmanaged insect species is almost completely unknown. This study is the first step 431 towards understanding factors underlying variation in the composition of bacterial communities 432 that associate with the ecologically and economically important insect species that have co-433 evolved with Cucurbita. These results provide an important baseline for guiding future 434 experimental studies to understand factors driving variation in bacterial community composition 435 and functions. A more comprehensive understanding of which microbial strains and communities 436 colonize Eucera and Acalymma across the diverse geographic they inhabit, and empirically 437 testing the functions of individual isolates and more complex communities for the host insects 438 will be important for developing effective vector controls and protecting pollinator health. 439 440 and Figure 1D ). The number of reads per insect was rarefied to an even depth of 1000. Black 481 dots are individual insects, and boxplots show the median and the quartile variation. 482 483
Figure 3: Seasonal variation of microbial communities from the same population of 485
Acalymma vittatum in a Massachusetts.
486
A) Bacterial community composition of individual Acalymma vittatum beetles collected in 487
Cambridge, Massachusetts. Beetles were collected early in the season as adults emerged from 488 winter diapause and cucurbits had just being planted (June 7 2016); in the middle of the season 489 when commercial summer squash are blooming (July 12 2016); and at the end of the season as 490 the second generation was nearing diapause (August 2016). The collection group each insect 491 belongs to is labeled on the Y-axis. Community composition is displayed by combining OTUs 492 within each order, and the counts in each insect were normalized to the total number of reads in 493 that individual and displayed as a percentage of the total community. The tree shows the phylogenetic distance relationships of the 50 most abundant OTUs in all 519
Acalymma beetles and the 40 most abundant OTUs in the Eucera (P.) pruinosa bees. Each tip of 520 the tree is an individual OTU, and corresponds to taxonomic assignments provided in 521
Supplemental Table 4 Each colored dot represents the occurrence of that OTU in an individual 522 insect, and the size of the dot corresponds to the relative abundance of that OTU in that 523
individual. 524 525
Supplemental Figure 1 : Wolbachia occurrence in Acalymma beetles. 526 527 847 848
